The determination of trace water in gas samples, such as isobutene, chloromethane (polymeric staple gases) and SF6 by a conventional Karl Fischer coulometer is very difficult, because of the adsorption of trace water on the surface of sample pipe, the gasification of the liquefied samples, and the migration of moisture into the measuring cell from the surroundings. To solve these problems, we improved a device for coulometric determination of water by Karl Fischer method. The improved coulometer was used to determine the trace water in isobutene, chloromethane and SF6; RSD was less than 5%, and recoveries ranged from 94.1 to 109.1%, which is adequate for the analysis of industry.
Isobutene and chloromethane are polymeric staple gases, and SF6 is used as the insulation gas in potential transformer; their water contents generally are very low. Micro water can be reliably determined by many methods. [1] [2] [3] [4] [5] [6] [7] Among them, P2O5 electrolysis method, Dewdrop method and Karl Fischer coulometry are frequently used.
At present, near-IR spectroscopy is the fastest growing technique for industrial product control of water. The success of this technique is, however, critically dependent on the accuracy of the analytical method used to determine the water content of the standard. Karl Fischer coulometry is used for this purpose and has a potential of producing very accurate results, provided that interfering factors can be brought to a minimum. The problems that arise in a Karl Fischer coulometer when trace water must be determined in isobutene, chloromethane and SF6 in a moist environment are as follows:
1. The liquefied samples cannot gasify completely before entering the measuring cell; this makes the temperature change of the measuring cell and, interferes with normal determinations.
2. The gasification of liquefied samples makes the water of the air curdle on the sample steel bottle, and the sample gases entering the measuring cell cannot be weighed accurately on an analytical balance.
3. Sample rate cannot be expediently controlled. 4. In the exit of the measuring cell in a Karl Fischer coulometer, a tube containing silica gel is used as drying system, because the ability of silica gel to absorb water is much less than that of a Karl Fischer reagent; so it is impossible to prevent the migration of moisture into the measuring cell from the surroundings under the moist environment.
5. A large amount of moisture in environment sometimes migrates into the measuring cell when the sample introduction end is off because of inverted absorption, which affects the results of determination seriously.
To solve the above problems, we improved a device for coulometric determination of water by Karl Fischer method in many ways in this work. The improved coulometer was used to determine the trace water in isobutene, chloromethane and SF6; RSD was less than 5%, and recoveries ranged from 94.1 to 109.1%. The analysis times were 3 -15 min.
Experimental

Reagents
Methanol, benzene and paraffin (Beijing Chemical Agents Factory, China) were analytical grade; silica gel (Beijing Chemical Agents Factory, China) and Karl Fischer reagent (Tianjin Siyou Chemical Agents Factory, China) were used. Isobutene and chloromethane (polymeric staple gases) were from China Beijing Yansan Petroleum & Chemical Corporation, and SF6 was from Liming Chemical Research Institute, China.
Apparatus
A WS-2 Karl Fischer coulometer (Shandong Zibo Analytical Instrument Factory, China), a PB1502-S-CN electronic balance (METTLER, Switzerland), a stainless-steel capillary (φ0.3 mm × 1.0 m), a quartz capillary (φ0.3 mm × 1.0 m), plastic pipe (φ1.0 mm × 1.0 m) and copper pipe (φ0.5 mm × 1.0 m) were used. The "isolation-buffer" unit was designed and manufactured locally.
Improvements of coulometer
In this work, a stainless-steel capillary was used to introduce the gas samples into the measuring cell; the capillary was required to be 1 m long at least in order to make the sample gasify completely before entering the measuring cell. Moreover, 9 -10 bores in the tip of each stainless-steel capillary were beaten to make the bubbles tiny and well-distributed, so that the water in gas samples could be absorbed completely by Karl Fischer reagent.
The cathode and anode that communicated with each other were used as the electrolysis electrodes; it could thus be avoided that the liquid in the two electrodes exchanged due to the liquid level difference when the sample gases entering into the measuring cell. Because the drying ability of silica gel is much less than that of Karl Fischer 421 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 2005 © The Japan Society for Analytical Chemistry reagent, another electrolysis cell containing Karl Fischer reagent was used to insulate atmosphere environment and measuring system. The electrolysis equilibrium of the two systems has a little different value, so the "isolation-buffer" unit filled with paraffin was used to insulate them. Moreover, the "isolationbuffer" unit was used to overcome the inverted absorption from isobutene and chloromethane dissolved in Karl Fischer reagent; if not, the moisture in environment may migrate into the measuring cell when the sample introduction end is off. The above improvements make it possible to determine the trace water in gas samples, such as isobutene, chloromethane and SF6 by Karl Fischer coulometry. The scheme of the Karl Fischer coulometer improved in this work is shown in Fig. 1 .
The "isolation-buffer" unit in Fig. 2 is equal to the isolation cell and the buffer unit in Fig. 1 . Ground-a is connected with the measuring cell, ground-b is connected with the drying cell, and some paraffin is filled in the isolation cell.
Procedure (Fig. 1) 1. Put some paraffin in the isolation cell of "isolation-buffer" unit until the paraffin submerges the mouth of the exhaust tube below; then pour 150 mL Karl Fischer reagent into measuring cell and drying cell, respectively.
2. Start a WS-2 Karl Fischer coulometer and adjust the instrument to electrolysis equilibrium; then fix valve-a, insert a stainless-steel capillary into the measuring cell, and connect valve-b with the sample steel bottle.
3. Open valve-a and keep the flow rate at about 2 g/min; close valve-a when the data display is steady; and keep valve-b completely open; then put the sample steel bottle on a PB1502-S-CN electronic balance.
4. Open valve-a and keep the sample rate at about 2 g/min; subsequently close valve-a 1 min later; record data when the Karl Fischer coulometer buzzes (the end).
5. Close valve-b, and open valve-a to blow off the gas remaining in the pipeline; then dismount the sample steel bottle; insert the tip of the stainless-steel capillary into a rubber holder in order to shorten the time needed for blowing out pipeline next time.
Results and Discussion
Effect of sample rate
The effect of sample rate on the measured value was examined. The measured value was steady when the sample rate was about 2 g/min. When the sample rate was above 3 g/min the measured value become lower along with the increase of sample rate, because the sample rate was too high to absorb the trace water in gas samples by the Karl Fischer reagent completely. When the sample rate was below 1 g/min, the time of sample introduction was so long as to exceed the time of the instrument restriction. Therefore, about 2 g/min was selected as the sample rate. In this work, two valves and a long stainless-steel capillary were used to control the sampling rate; they also can make the samples gasify completely before entering into the measuring cell.
Selection of sampling pipe
Different sampling pipes were used to determine trace water in SF6. The experimental results showed that both plastic pipe (φ1.0 mm × 1.0 m) and copper pipe (φ0.5 mm × 1.0 m) were not fit for sampling pipes, while the stainless-steel capillary (φ0.3 mm × 1.0 m) was the best applicable. In addition, a quartz capillary (φ0.3 mm × 1.0 m) was also used as sampling pipe. But the quartz capillary was too brittle to be used as the sampling pipe. So the stainless-steel capillary (φ0.3 mm × 1.0 m) was selected as sampling pipe in this work.
Selection of exit drying agent
The drying ability of silica gel is much less than that of Karl Fischer reagent, so it is impossible to prevent the migration of moisture into the measuring cell from the surroundings under the moist environment. In this work, another electrolysis cell containing Karl Fischer reagent was used as a drying cell to isolate the measuring cell from the moist environment; it was very effective for trace water determination, and it also can dry the air entering the measuring system when the sample (isobutene or chloromethane) introduction end is off.
At the same time, two electrolysis cells (one is the measuring cell, the other is the drying cell) influence each other because of different electrolysis equilibrium. If the drying cell causes superfluous electrolysis, the determination results will be lower; if the drying cell inhibits electrolysis, the determination results will be higher. In order to eliminate this kind of influence, an "isolation-buffer" unit containing paraffin was used to isolate the measuring cell from the drying cell.
Effect of electrode type
For general electrodes, when the samples enter into the measuring cell, the different pressure between cathode and 422 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 Fig. 1 The scheme of the Karl Fischer coulometer improved in this work. 1, Measuring cell; 2, isolation cell; 3, drying cell; 4, U.C. buffer unit; 5, indicator electrodes; 6, silica gel drying tube; 7, electrolysis electrodes; 8, stainless-steel capillary of sample introduction; 9, magnetic rod; 10, valve-a; 11, valve-b; 12, PB1502-S-CN electronic balance; 13, sample steel bottle; 14, paraffin. anode can cause the liquid of two electrodes to exchange easily. So the cathode communicating with the anode on the top was used to solve this problem. Moreover, hydrogen produced by electrolysis can also drain off from the cathode.
Validity evaluation of Karl Fischer reagent
All kinds of Karl Fischer reagents have periods of validity, but so far we do not have any effective method to check it exactly. Inspecting the electrolysis equilibrium potential of Karl Fischer reagent, we discovered that WS-2 Karl Fischer coulometer does not work when the electrolysis equilibrium potential exceeds 35.0 mV. Then we also discovered that the results determined by a new Karl Fischer reagent are generally smaller than those by old Karl Fischer reagent. So it is accepted that the Karl Fischer reagent can be used, when the electrolysis equilibrium potential is under 35.0 mV. The electrolysis equilibrium potential values of the Karl Fischer reagent determined by different Karl Fischer coulometers are different, but this method which is used to evaluate the loss of efficacy of Karl Fischer reagents is universally applicable.
Interference of environment
The water contents in isobutene and chloromethane were determined by the improved coulometer at different humidity conditions (relative humidity of up to 90% at 29.5˚C) to give the same results. It follows that another Karl Fischer electrolysis cell replacing the silica gel drying tube can effectively prevent the moisture in environment from migrating into the measuring cell. When the trace water in isobutene or chloromethane was determined, we discovered that the paraffin in the "isolationbuffer" unit can rise in tube when the sample introduction end is off, because isobutene or chloromethane samples can dissolve in Karl Fischer reagent. It means that, for a conventional Karl Fischer coulometer, the moisture from the surroundings can pass through the silica gel tube and migrate into the measuring cell.
Determination of the trace water in gas samples
The trace water amounts in isobutene, chloromethane and SF6 were determined by the improved coulometer in the optimal conditions selected. The sampling time was about 1 min, and the results obtained are shown in Table 1 .
Recovery experiments
To investigate the applicability of the improved coulometer to the determination of the trace water in real samples, we determined the recoveries of known amounts of water added to real samples by the improved coulometer; the recoveries obtained are shown in Table 2 .
As shown in Table 2 , the recovery of isobutene is 94.1 -109.1%, the recovery of chloromethane is 101.4 -107.1%, and the recovery of SF6 is 101.6 -105.6%. The recovery results indicate that the improved coulometer can be successfully applied to the determination of the trace water in isobutene, chloromethane and SF6.
According to the interrelated stipulations of IUPAC, the detection limit of isobutene is 0.26 µg/g, the detection of chloromethane is 1.92 µg/g, and the detection of SF6 is 0.10 µg/g.
Conclusions
1. The improved coulometer allows for the determination of the trace water in gas samples (such as isobutene, chloromethane and SF6) accurately in very moist environment.
2. The improved coulometer shortens the determination time, and also can be used to determine the trace water amounts in liquid and solid samples. Chloromethane
